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EXTRUSION TECHNIQUES FOR PRODUCING LIPOSOMES 


BACKGROUND OF THE INVENTION 

. !• Field of the Invention 
This • invention relates to liposomes and in particular to 
extrusion techniques for the rapid production of unilamellar 
liposomes and for the production of liposomes having defined size 
distributions. 

2. Description of the Prior Art 

As is well known in the art, llpooomes are closed vesicles 
having a lipid bilayer membrane surrounding an aqueous core. In 
general, liposomes of the following three ' types have been 
produced: i> multilamellar vesicles (MLVs) wherein each vesicle 
includes multiple concentric bilayer membranes stacked one inside 
the other in an onion skin arrangement; 2) small unilamellar 
vesicles (SUVs) having" only one bilayer membrane per vesicle and 
having diaaaters ranging up to about 50 na; and 3) large 
unilamellar vesicles (LUVs). again having only one bilayer mem- 
brane per vesicle, but in this case having diameters greater than 
about 50 run and typically on the order of 100 nm and above. 

_ A review of these three types of liposomes, including methods 
for their preparation and various uses for the finished liposomes, 
can be found in the text Liposomes . Marc J. Ostro, ed., Marcel 
Dekker. Inc.. New York. 1983. the pertinent portions of which are 
incorporated herein by reference. See also Szoka. Jr.. ee al.. 
Ann. Rev. Blo-phy 8 . Blo.nff. , 9:467 (1980). the pertinent portions 
of which are also incorporated herein by reference. 

Other types of lip soaea which have been devel ped include 
stable plurilaaella'r vesicles. (SPLVs). monophasic vesicles (MPVs). 
35 and steroidal lip soo.,. Descriptions of these vesicles and 
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methods for preparing the. can be found in copending and common! v 
assigned U.S. Patent Applications Serial Nos. 476.496, 521,176. 
and 599.691. filed on March 24. 1983. August 8. 1983. and Iprii 
12. 1984, respectively, the pertinent portions of which are incor- 
porated herein by reference. 

One of the primary uses for liposome* is as carriers for - 
variety of materials, such as. drugs, cosmetics, diagnostic re- 
agents, bioactive compounds, and the like. Liposomes are also 
widely used as scientific models for naturally occurring biologi- 
cal membrane systems. 

In connection with each of these uses, it is important to 
have available populations of liposomes which have defined mean 
diameters and defined size distribution. ,^ut those means. More 
particularly, it is important to have . available populations of 
liposomes which have a substantially t-nioodal distribution about a 
selected mean diameter. 

In terms of commercial applications, and in particular, phar- 
maceutical applications, such populations are .needed to enhance 
the effectiveness and safety of liposome encapsulated drugs and 
similar materials. Moreover, the availability of accurately 
defined populations of liposomes would make it significantly easi- 
er co obtain approval for liposome-coneaining preparations from 
such regulatory agencies as the United States Food and Drug Admin- 
istration. In terms of other liposome applications, including 
scientific investigations, the r,ady availability of well- 
characterized populations of liposomes would lead to more 
standardized products and repeatable experiments. 

The present invention relates to improved methods for the 
production of liposomes. I„ particular, the invention relates to: 
1) an improved method for producing unilamellar liposomes of both 
the large and small types; and 2) an improved method for producing 
liposomes having defined size distributions. 

Prior t tha t present invention, large unilamellar liposomes 
(LUV.) were commonly produced by one of the following three 
methods: 1) revers- P ,._., evap.rati n. 2) detergene dilution, and 
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3) infusion procedures using various solvency. Se Liposome?! .. 
supra , Ch. 1, pages 37-44. 

In the reverse-phase evaporation technique, an aqueous buffer,, 
is introduced into u mixture of phospholipid and an organic sol- 
vent to produce "Inverted micelles," i: e . , dropLcts of water sta- 
bilized in the organic solvent by being surrounded by n 
phospholipid monolayer. Evaporation of the solvent causes the 
micelles to coalesce and form the desired liposomes. See, for 
example, Szoka, Jr., et al., Proc. Natl. Acad. Scl. USA, 75:4194 
(1978); and U.S. Patent 4.235,871 to Papahadjopoulos et al. 

In the detergent dilution approach, lipid, detergent and an 
aqueouB solution are mixed together and sonicated to form the 
desired vesicles. Separation techniques, jjch as, gel filtration, 
are then used to remove the detergent and thus produce the fin- 
15 ished liposomes. 

In the infusion procedures, lipid I? dissolved in a solvent, 
e.g.. pentane or diethyl ether, and the llpid-sulvent solution la 
infused into an aqueous solution under conditions that cause the 
solvent to vaporize and 'thus produce the desired liposomes. See, 
for example, Deamer, Annals New York Acadomy of Sciences . 308: 
250-258 (1978). 

Other techniquee which have been used co produce UJVa tnql.uH* 
fusion techniques whereby a population of SUVs is treated so as to 
cause individual SUVs to fuse with each other to form LUVs. For 
25 example. U.S. Patent 4,078,052 to P. Demetrioa Papahadjopoulos 
describes a technique wherein calcium ions are used to fuse SUVa 
into cochleate cylinders, and the cylinders are then treated with 
a calcium chelating agent such as EDTA to form the desired LUVs. 
Rupid freezing of SUVs, followed by slow thawing, has also been 
used to produce LUVs by fusion. See, for example. U. Pick, 
Archives of Biochemi stry and Biophysics , 212; 186 (1981), 

With regard to the production of SUVa, as with LUVs, a vari- 
ety of techniques have been employed in the pase. See Liposomes . 
su£ra, Ch. 1. p*ages 33, 36. The earliest technique "inv Ived 
s nication to clarit/ of a* suspension f lipid in an aqueous s - 
lutlon uaing a probe or \>u... sonication unit. Other techniques 
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have included Infusion procedures along tb. lines of chose used 
for producing LUV, but wleh etnanoi afl chfl golvenc (gee 

and E. Kern. Btochl,ica et BlophyslcaJVcta , 298: 1015 (1973)') and 
a technique employing nuUtiple passes of MLVs through a French 
press operated at a pressure of 20.000 psi (see, for example, 
Hacllton. Jr., et al.. Jo urnal of Lipid Research . 2l :98l (1980) . 
and Barenholz, et. al., FEBS Lett. . 99:210 (1979)). 

In addition to the basic techniques used- to produce 
Hposonee, various ancillary techniques have been developed for 
post-preparation treatment of Uposo.es to i.prove their prop- 
orcies. In particular, a, discussed .ore fully below. ma ny of che 
tcchn ^--iescrlbed above have required sizing of the fin- 
iahed Hposon.es by filtration using, f 0 , cXample , a ^ 
polycarbonate filters. See Liposomes, ^ Ch . I, pages 37-39. 

nLT S2 ° ka * ^ B1 ° ChiMica "^haicg^sa. 601:559 

(1980). Series of polycarbonate filters have als* be*n uTTd to 
sir. MLVs . See F. 01 SO n. et al., Biochin,lca et > 

f » (1979> ' — — rth. et aiT7^ZZ^~ 
Sciences . 7_I:806 (1982). 

M Although .ach of eh. forcing t.ch nl ,„. s c.n be u..d to pro- 

due 1Ip „o„... non . of cechnl<1 „ ea a „ [otaUy sa[l3fjctorv 

rot ,. tli „ f th . comooly u9e<| Luv ttclinl<iuM tnvoivj - 

combining th, component, Mkln , up che Hpos ^ ^ ^ 
soiubUmng ag.nt. . lther an „ 8anlc SOIvene or a 

-5 gent. A, i. „. U ^ llt t „. ^ ^ ^ 

■dv.r,.l y eff.«t .,„,.!,, ,uch e. ,„ JyM3 , „ hlch „„. 

».nc co .nc.p.„l.te 1„ 1Xp oso M3 . ana tnu3 thM . ^ 

be „,.„ uleh eW aat . rlaU Also> ^ appUcaeloni| such as 

..n,r a et,„ of crug crrut s y3 c.„. th. po..ibl. p reJ .„ ca of 
pot.nttally toxic ag.nc, l, und.slr.bl.. 

.t,c.r r ' 0V ' k C ; " Chn ""'" 0f "" 

P~c.,„ rM .Men c.n n.v„ co. pl .t.l y CM0 ». [he 3alvent „ 

2Ja!aal£i_i£a. m^s (1 , 80J . rurth . r , . of 

«. fouir.. o.p. n(11 „. „ th . Upld sp , cla> 
11.1C.4 .olubuxt, .f c .„. ln chol P e „ „ 
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phosphatidylethanolamine (PE) , and phosphatidylserine (PS)) J 
ether or echanol requires modification of techniques employinf 
these soivents. Alternatively, detergent dialysis procedures e§ 
ploying non-ionic detergents such as octylglucoside are tedious tt 
5 apply as they can involve several days of dialysis. Plainly, the 
need to separate lipid solubilizing agents from the finished 
liposomes materially decreases the usefulness of these methods. 

Along these same lines, the prior arc LUV techniques have, in 
general, produced liposomes of various sizes, as well as aggre- 
10 gates of liposomes, thus requiring the additional step of sizing 
the finished liposomes with a series of filters. Again, this 
makes the overall process more time consuming and complicated. 

^ The fusion techniques include ,imilar drawbacks. For exam- 
ple, the calcium ion/calcium chelating agent technique, like the 
solvent and detergent techniques, involves eh. use and subsequent 
removal of materials in addition to those actually making up the 
finished liposomes, in this case, the chelating agent and the add- 
ed calcic ions. As with the solvents and detergents, these mate- 
rials represent possible sources of contamination, limit the us«- 
fulness of the technique, and make the technique more complicated. 
Also, this technique requires that the composition of the 
liposomes includes some phosphatidylserine. " 

As to the freeze-thaw technique, this technique suffers from 
the drawback that the specific trapping capacity of the liposomes 
produced by the technique drops off sharply at phospholipid con- 
centrations aboye about 20 mg/mi. 

The SUV techniques have similar problems. For example, high 
energy sonication can cause oxidation and degradation of 
phospholipids and may damage solute moleculea which one wants to 
capture in the interior space of tha liposomes. Also, when per- 
formed using a sonication probe, high energy sonication can cause 
probe erosion, and if done with bath sonicati n in combination 
with radioaceive materials, can produce a potentially hazardous 
aerosol. L 0tf energy sonication is slow, can be destructive to 
35 phospholipid Macules, and cannot be used to prepare large 
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to provide a si npla , reproducible technique for producing 
un Wlar lipo.o„.s. which can be performed with readily avail A 
able and relatively inexpensive equipaent. which ha, a minimum!' 
number of steps, which has a high output of liposomes per „nJe* 
C me. an d which does not require that the consents making up the 
liposomes be sonicated or combined with solvents, detergents or 
other extraneous materials. 

It la another object of the invention to provide a technique 
for producing liposomes of both the unilamellar and omltilameliar 
types which does not require the use of solvents, detergents or 

other extraneous materials. 

It 13 a further object of th. inv.ntion to pro.id. popu- 
lation of Upo.„„. s „. vt „g d.fln.d ,u. dlatributlon,. It l3 .„ 
addition.! obj.c, o, th. inv.ntion to provid. . atraightforuard 
15 method for obtaining .uch populations. 

T. achl,,. th, for.golng and och.r obj.ct.. th. i„».„tio„. i„ 
accordant, with cartain or it, as p. cta , provld „ . „„„„„ ^ 
producing .. f0puUtlm of aubatantlaUy -lla-m. Up„o„a 
uhlch involve, r.p..t.d .x«ru.lon, at .od.r.t. pr.a.ur., of pr.vl- 
ou,ly f, ra .d lip...... ehrou8h . mtn havliig a size ^ 

cr.tica! upp.r ii.it. .p.cifically. b.lo. approxiaat.l, 100 ... 

I- CM. «.„„„. th . i„ v .„tion provid., a varl.ty of advan- 
ce, ov.r pr.vlou.ly k „,™ ,y,t.„, f „ producln8 unlu „. lUr 
Upo..™.. i„ cl0 di„, th. following, » th. .bUity to to™ 
«nila..,l. r »..!„.. £ r,. . ulJ . „ t 2) ^ 

«. High lipid conc.ntr.tion, (..,.. 0 „ eh . ord . r 

Z M " " "*"'' * Chl ' V ' hl « h .«i=l«cl.. f 3) 

un l^n y " "'"^ r-T rapid production of 

vticT h" 1D P "" CU1 "- ^'-"-lUr 

«.!=!... through th. u.. „ high .«ru.i.„ „,„ rat., and auto- 
»t c or ..^.. M0B . tlc rKynlIng oj 

«lt.r, 4) th. ability to produc. lipo.o... „ . d..ir.d .U. by 

la... 5) th. .bUity to .„„ th. „.. , r g.„ lc . ly .„ e , 

- rg.-t., and « ,h. .biUty to provid. .n ov.r.U r.l.tiv.ly g.„. 

cle process • 7 * 
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in low trapping efficiencies. 

The infusion typ. SUV procedures suffer the^same problems as 
che LUV infusion procedures. The high pressure French press tech- 
5 nique has its own set of problem, including difficulties in mak- 
ing the technique repeatable. the need for post-preparation fil- 
tration to remove those MLVa which have not been converted to 
SUVa. the aeed for expensive and cumbersome equipment capable of 
withstanding the high pressures used, and contamination of the 
10 product by disintegration of components of the apparatus which 
occurs during processing of the liposomes. See, for example, 
osworth, et al.. io^nal_^f__P h a^ ar eutlcal Scleneag , Ju ^ 
(1982). Also, this technique can on.'y produce snall 
having a low trapping efficiency. 
15 Turning to the slze distribute aspects of the invention, 

various procedures have been investigated in the pas, i„ an at- 
tempt to find a way to control both liposome size an d dis- 
tribution: .,ch of these procedures has fallen short of the mark 
in one way or another. For example. Ching-hsien Huang! in Bio- 
20 chalgta. 8:344 (,969). described a multi-step technique for 
producing a homogeneous population of small unilamellar liposomes 
SUVs, which involved dieting a lipid ^pension in a burrer 
for 2i hours, centrifuging the resulting product at 105.000 , g 

25 1 K° Ur C ° " B ° Ve Undi3pe " ed "P"' Che supernatant 

through an exeensiveiy washed 0.1 micron Sartorius filter, sub- 
ecting the filtrate to modular sieve chromatography on a 
.pharosa 4. column which had previously been saturated with the 
It? d suspension and washed and equilibrated with the buffer, and 

30 th eCCin8 / ha MC ' nd fraCel ° n elUted fr ° B C ° 1U - A ^^ugh 
h P procedure did produce a population of li pe30oe9 

defined size distribution. U was obviously complicated and time 
consuming to ... lt only produced ^ ^ ^ ^ ^ ^ 
he 0 ic ally changlng eha Up08ooe3 „ centents ^ 

35 L 008 « ~ « the sepharosa 4B 
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In an attempc to overcome some of the problems with the Huang 
technique, Barenholz, ec al., Biochemistry . J6:2806 (1977), devel- 
oped a technique in which high speed centrifugation was substitut- 
ed for molecular-sieve chromatography. In accordance with this 
technique, a lipid dispersion in a buffer was sonicated for 30 
minutes, centrifuged for 15-30 minutes at 100.000 x g to remove 
large multilamellar liposomes and sonication probe particles, and 
the supernatant from the 100,000 x g centrifugation was 
re-centrifuged at 159,000 x g for periods of time ranging from 1 
to 4 hours depending on the lipids, buffer compositions and tem- 
peratures used. This latter centrifugation produced three zones. 
. the top one of which contained the desired homogeneous population 
of liposomes and had to be carefully reaoved without picking up 
part of the adjacent second zone. Although this technique did 
eliminate the use of Sepharose 4B co* turns, it was still long and 
complicated, still only produced SUVs, and still had the problems 
arising from sonication. Along these same lines. Watts, et al., 
Biochemistry , j7:l792 (1978), reported preparing a homogeneous 
population of SUVs from dimyristoylphpsphatidylcholine (DMPC) by 
.-sonication followed by centrifugation at 105,000 x g for 10 min- 
utes at 4°C. 

In addition to the efforts directed at obtaining homogenous 
populations of SUVs, numerous attempts have been made to obtain 
homogenous populations of larger liposomes, i.e. . liposomes having 
diameters larger Chan about 50 nm. The majority of these efforts 
have involved the use of a series of polycarbonate filters of de- 
creasing pore size. 

For example, Olson, ec al., in Biochlmica et Biophvsica Acr a . 
557:9 (1979), described the sequential extrusion of large 
multilamellar liposomes through polycarbonate filters having pore 
sizes of 1.0, 0.8. 0.6, 0.4. and 0.2 microns. See also Brendzel. 
9C al " Plochimlca et Biophysics krt*. 596:129 (1980). 01s n»s 
laboratory also reported the application of their technique to the 
sizing of large unilamellar ^liposomes prepared by reverse phase 
35 evaporation. Biochlmica et Biophvsica Acta . 601:559 (1980). 
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In thl. case, filters having pore sizes of 0.4, 0.2, 0.1, an d 0.0*1 
microns were used. 

Although the Olson work as reported in the literature would-- 
appear to produce unimodal populations of large liposomes (see 
for example. Figures le and 3d in the 1979 article, and Figures 
ID. 2D. and 3D ir. the 1980 article), as described in detail m 
Example 10. infra, lc Uas been surprisingly found that when qua- 
si-elastic light scattering is used as the technique for determin- 
ing size distributions, liposomes prepared by the Olson technique 
turn out not to have a unimodal distribution. In terms of large 
scale commercial production of liposomes, quasi-elastic light 
scattering is at present the only known real-time physical method 
for defining size distributions, so that in terms of commercial 
applications, the Olson procedure cannot be said to actually pro- 
duce a population of liposomes which i, -mimodal. 

In addition to the Olson sequential polycarbonate filter ap- 
proach, other techniques have been tried in the hope of obtaining 
a homogenous population of relatively large liposomes. For exam- 
^; i , SCh ; llery ' ^ al " ^iil^nd Physics of „ r „. l2:75 
(973). described the use of Millipore filters having -pore sizes 
of 8.0. 1.2. 0.80. 0.65. and 0.45 microns to size large 
multilamellar phosphatidylcholine liposomes. 

Rhoden. et al.. Wochemistrv., J8.-4173 (1979). reported the 
production of liposomes having diameters between 34 and 128 nm by 
stabilizing phosphatidylcholine ,„ d cholesterol in a sodium 
cho ate solution and then removing that detergent by hollow fiber 
dialysis Th. size of the liposomes was varied by adjusting the 
P cap o ipid/cholesterol ratio, and the P H and ionic strength of 
<he di aly8ate . It vas 0b8erved tha£ brofldar ^ 

produced for larger liposomes. 

Bosvorth. et al.. Journal of P h ^. , , ^ 

( 982) combined the sequential polycarbonate filter sizingTech- 
niou. with dialysis across/ th. sam. type, of filers, 
-re prepared by mechanical, agitation or by th. French press tech- 
niqu. Barenholz. et al.. FEBS Lett.,. 99:210 (1979). Those 
proved by mechanical agitation were sized using filters having 
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pore sizes of between 0.2 and 1.0 microns, with the liposomes be- 
ing passed twice through the smallest filter and. ir, some case,, 
twice through each of the f liters. For dialysis, filters having 
pore sizes between 0.05 and 3 microns were used. 

Enoch, at al.. Proc. Natl. A cad. sn USA, 76:145 (1979). 
deacribed the preparation of liposomes having .diameters of 100 nm 
by detergent treatment of sonicated vesicles followed by gel fil- 
tration on Sepharose 4B. Hamilton, et al.. Journal of Lip id Re— 
search, 21:981 (1980). described the preparation of liposome popu- 
lations of various sizes using a French press in combination with 
ultracentrifugation and gel chromatography on columns of 1% or 4Z 
agarose. Reeves, et a!., J. Cell. Phvslol.. 73:49 (1969). report- 
ed the production of a population of giant liposomes (mode - 1.200 
nm) having a log-normal distribution, but vesicles smaller than 
1000 nm were measured with difficulty, and those smaller than ;,00 
nm were not measured at all. 

A review of soma of the foregoing procedures can be found In 
Szoka, et al., Ann. Rev. Biophv..,. 9:467, 493-494 (1980). 

See also Liposomes . Marc J. Ostro. ed., Marcel Dekker, Inc., New 
York, 1983, Chapter 1. 
SUMMARY OF THE INVENTION 

In view of the foregoing state of the art. it is evident 
there is a substantial and continuing need for an improved method 
for preparing unilamellar liposomes of both the SUV and LUV types. 

Moreover, it is also evident that since at least as early as 
1969, there has been a continuing effort to produce populations of 
liposomes having defined size distributions. Much of that effort 
has been directed cowards obtaining populations having mean diame- 
ter, greater than about 50 nm. Along with the desire for the pop- 
ulations per s., there has been a parallel desire for a generally 
applicable and simple to us. technique which will reproducibly 
generate populations of the type desired for a wide variety of 
processing conditions. 

Accordingly, it is on. of the objects of th. .present in- 
35 v.,*icn to provid. an improved technique for producing unilamellar 
liposom More particularly, it is an object of this invention 
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In some cases, rather than completely transforming a popu- 
lation of multilamellar liposomes Into a population of substan- 
tially unilamellar liposomes, it is desirable to only partially 
decrease the. lamellarity of the population without reaching the- 
fully unilamellar stage. Filters having a pore size of about 100 
mn are still used in accordance with this aspect of the invention, 
but with a reduced number of passes through the filter. 

In accordance with some of its other aspects, the invention 
provides a method for producing liposomes directly from a lipid 
powder or pellet by simply combining the powder or pellet with an 
aqueous buffer and then applying sufficient pressure to the 
Upid/b»..ffer mixture to repeatedly pass it through a filter. If 
the filter has a pore size less than about 100 nm. substantially 
unilamellar liposomes are produced. I? the filter has a pore size 
significantly above 100 nm. e.g.. on the, order of 200 nm. 
multilamellar liposomes are produced. Significantly, i n either 
case, the liposomes are completely solvent free, in that, not even 
chloroform. has been used in the past to produce MLVs, Is 
required for liposome production in accordance with these aspects 
20 of the present invention. 

In accordance with further of its aspects, che Invention pro- 
vides populations of liposomes having essentially uniacdal dis- 
tributions about mean diameters which are greater than 50 nm. 

In accordance with still further of Its aspects, the in- 
25 vention provides a method for increasing che homogeneity of a pop- 
ulation of liposomes by repeatedly pacing che liposomes through 
one or more filters of a constant pore size until the size dis- 
tribution of the population becomes essentially unimodal. 

rhe attainment of the foregoing and other objects and advan- 
tages of the present invention is described fully below in con- 
nection with the description of che preferred embodiments of the 
invention. 

BRIEF DESCRI PTION OF THE nRAUTwr.c 

Figures 1A and 'IB are schematic diagrams of apparatus suit- 
able for practicing the present invention. i„ Figure 1A. che 
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.liposome. suspension is recycled through Che filter by hand, while 
in Figure IB, the recycling has been partially automated. 

Figure 2 shows the 31 P NMR signal intensity arising from egg 
phosphatidylcholine (EPC) multilamellar vesicles (in the presence 
of 5 mM MnCl 2 ) as a function of the number of extrusions through 
polycarbonate filters with 100 nm (circles) and 200 nra (squares) 
pore sizes. The error bars represent standard deviations (n - 6 
for the poinc at 10 extrusions through the 100 nm filter; n - 3 
for the point at 30 extrusions). All other experimental points 
represent the average obtained from two separate experiments. The 
lipid concentration in all cases was between 30 and 60 umol/ml. 

Figure 3 shows four f reeze-f racture micrographs of vesicles 
prepared by repeated extrusion of multilamellar vesicles of vary- 
ing lipid composition through polycarbonate filters: (a) soya 
15 phosphatidylcholine (PC) MLVs extruded through a 100 nm filter; 

(b) soya "PC - soya PS (1:1) MLVs extruded through a 100 nm filter; 

(c) soya ?E - soya PS (1:1) MLVs extruded through a 100 nm filter; 

(d) soya PC MLVs extruded through a filter with a 200 nm pore 
size. The arrow in part (d) indicates a cross fracture revealing 
inner lamellae. Ail micrographs have the same magnification and 
the direction of shadowing is indicated by the arrowhead in the 
bottom right corner or each section. In each case, the extrusion 
procedure was repeated 10 times on lipid systems containing 40-70 
umol/ml phospholipid. 

25 Figure 4 shows the size distribution of soya PC vesicles ob- 

tained after 10 extrusions through a polycarbonate filter with a 
100 nm pore size. The vesicle diameters were measured from freeze 
fracture micrographs employing the technique of van Verietie et al, 
(1980) J. Micros., U8:40l-408. The black and half-tone columns 
represent vesicles that did and did not undergo freeze-thaw 
cycling, respectively. 

Figure 5 sh ws the calorimetric behavior of hydrated dlpalmi- 
toylphosphatldylchollne (DPPC) in large multilamellar vesicles 
(MLVs) and In large unilamellar, vesicles prepared by the extrusion 
35 technique of the present invention (LUVETs). The MLVs were formed 
by v rtexing a dry lipid film in the bottom of a test tube in the 
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presence of a NaCI buffer at 50 C C, whereas the LUVETs were formed 
by repetitive extrusion (10 times) of the MLVs (50 mg lipid/tol)" 
through ICO nm pore size polycarbonate filters at 50°C. Scan 
rates of 2.0 °K/min were employed. 

Figure 6 shows the trapping efficiency as a function of lipid 
concentration for liposomes prepared in accordance with the pre- 
sent invention both with (open circles) and without (closed cir- 
cles) freeze-thawing. l *C-inulin was used as a trap marker. 

Figure 7 shows the 3l P NMR signal intensity arising from egg 
phosphatidylcholine (EPC) multilamellar vesicles (in the presence 
of 5 mM MnCl 2 ) as a function of the number of extrusions through 
polycarbonate filters with 50 nm (open circles) and 30 nm (solid 
circles) pore sizes. The lipid concentration in all cases was 100 
mg/ml. 

15 Figures 8 and 9 show f reeze-f vacture micrographs of the 

vesicles of Figure 7 processed through 50 r.a and 30 nm filters, 
respectively. In each case, the upper portion of the figure (Fig- 
ures 8A and W) was prepared after one extrusion (xl) through two 
stacked polycarbonate filters, and the lower portion (Figures 88 
and 9B) after ten extrusiona (xiO) . 

Figure 10 shows the clearance of I25 I-tyranKnyl-inulin 
( ITI) entrapped in egg phosphatidylcholine (PC) - cholesterol 
(1:1) LUVETs from the rat circulation (circles) and subsequent 
excretion in the urine (squares). The LUVETs were prepared in 
accordance with the present invention and were injected into the 
tail vein of 150-175 g female Wistar rats at a dose level «f 0 5 
umol phospholipid in 100 ul HBS. Urine was collected in metabolic 
cages. Blood was withdrawn and the animals sacrificed at the in- 
dicated times and the total amo'unt of 125 ITI in the blood cal- 
culated assuming 4.9 ml blood per 100 g rat. Results are ex- 
pressed as percentages of the total l25 ITI injected ts.e. (n-4). 

Figure U ah va the long tern tissue distribution of the 
LUVETs of Figure 10. The symbols correspond to liver (circles) ; 
carcass (triangles) 'and spleen (squares). Results are expressed 
as percentages of total l25 nl in yiyb (total 125 ITI injected mi- 
nus amount excreted) ts.e. (n-4). 
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DESCRIPTION OF THE PREFER RED EMnnnTMFMTg | 
As described above, the present invention provides extrusion 1 
techniques for producing: I) populations of substantially f 
unilamellar liposomes; and 2) populations of liposomes having sub- * 
5 stantially uniinodal distributions (hereinafter- referred to as the 
"unilamellar" and "unimodal" aspects of the Invention, respective- 
ly). In addition, the invention allows liposomes to be produced 
without the use of any solvents, detergents or other extraneous 
materials (hereinafter referred to as the "solvent free" aspects 
10 of the invention). 

The populations of substantially unilamellar liposomes are 
produced by subjecting previously formed liposomes to multiple 
extrusions at aoderate pressures through a filter having a pore 
size of less than or equal to about 100 nm. 
15 The previously formed liposomes can have a variety of compo- 

sitions and can be prepared by any of the techniques now known or 
subsequently developed for preparing liposomes. 

For ex^ple. the previously formed liposomes can be formed by 
the conventional technique for preparing ML Vs. that is, by depos- 
20 iting one or more selected lipids on the inside walls of a suit- 
able vessel by dissolving the lipids in chloroform and then evap- 
orating the chloroform, adding the aqueous solutlou cu be 
encapsulated to the vessel, allowing the aqueous solution to hy- 
drate the lipid, and swirling or vortexing the resulting lipid 
25 suspension to produce the desired lioosomes. This technique em- 
ploys the most gentle conditions and the simplest equipment and 
procedures known in the art for producing liposomes. Also, this 
technique, specifically avoids the problems with soni'cation or the 
use of detergents, solvents (other than chloroform) or other ex- 
30 trantous materials, discussed above. 

Alternatively, in accordance with the solvent free aspects of 
the preeent invention, the Hp somes which are to be repeatedly 
extruded through the filter can be prepared by simply mixing a 
lipid powder r pellet and # buffer together and then directly 
35 extruding that mixture through the filter. If the filter has a 
P re size of less than about 100 nm, this procedure produces 


WO 86/00238 / . ;. PCT/LS85/01 16 


10 


20 


30 


35 


/ 

•15-- 


unilamellar liposomes, while if the pore si* is substantially 
greater than 10b nm, multilamellar liposomes are produced. In 
either case, the procedure eliminates the use of all solvents, 
including chloroform. 

With regard to the production of populations of liposomes 
having substantially unimodal distributions, the liposomes making 
up the population can have a variety of compositions and can be in 
the form of multilamellar, unilamellar, or other types of 
liposomes or. more generally, lipid-containing particles, now 
known or later developed. For example/the lipid-containing par- 
ticles can be in the form of steroidal liposomes, stable 
plurilamellar liposomes (SPLVs), monopijasic vesicles (MPVs), or 
lipid matrix carriers (LMCs) of the types disclosed in copending 
and commonly assigned U.S. Patent Applications Serial No8 . 
15 476.'496, 521.176, 591,576 and 599.591. filed March 24. 1983. Au- 
gust 8, 1983. March 20. 1984. and April 12. 1*84. respectively, 
Che pertinent portions of which are incorporated herein by refer- 


ence, 


The mean diameter of the population will depend on the manner 
in which the liposomes are to be used. For example, as recognized 
by persons skilled in the art. for diagnostic applications, mean 
diameters in the range of 100 nm to 500 nm are generally pre- 
ferred, while for depoting of drugs, larger diameters, e.g., an 
the order of 500 n» to 1000 nn. are preferred, and for applica- 
25_ tions where endocytosis is desirably smaller diameters, e.g.. on 
Ch. order of 50 nm to 100 „». are preferred. Similar ranges have 
been recognized in the art for other applications. See. for exam- 
pie , Llposomea . supra e 

Mean diameters of populations of liposomes can be measured by 
various techniques known in the art, including freeze-fracture and 
quasi-elastic light scattering. As discussed above and in more 
detail below, quasi-elastic light scattering is preferred in the 
context of the uni»od,l aspects of the present invention, and the 
values for Up , 0 «. diameters reported herein in connection with 
those aspects wars measured using this technique. 

The substantially unimodal population of liposomes is pre- 
pared by ;re P e«eedly passing previously formed liposomes through 
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35 


filters of a constant pore a i 2e until the size distribution of the 
population in fact becomes unimodal. It has been surprisingly 
found that repeated passages through filters of a constant pore 
size causes biaodal aspects of the original size distribution of 
the liposomes, as well as any higher modal aspects, to eventually 
disappear. For the method to work, however, it is necessary to 
use one pore size, and use It repeatedly. 

The previously forced liposomes can be prepared by any of the 
techniques now Known or subsequently developed for preparing 
liposomes. For example, the previously formed liposomes can be 
formed by the conventional technique, discussed above, for prepar- 
ing multilamellar liposomes (MLVs). 

Alternatively. techniques used for producing large 
unilamellar liposomes (LUVs), such an, reverse-phase evaporation, 
infusion procedures, and detergent dilution, can be used to pro- 
duce the previously formed liposomes. A review of these and" other 
-thods for producing ii p0S0M3 can be (ound iR ^ ^ 
MEOsomes. s^, the pertinent portions of which are incorporated 
erein by reference. As other alternatives, the previously formed 
liposomes can be produced in accordance with the procedures de- 
scribed in U.S. Patent Applications Serial Nos. 4 76,«96, 521. 176 
-nd 599.691. referred to above. Also, rather than using liposomes 
per se. other lipid-containing particles, such as those described 
in U.S. Patent Application Serial No. 591.576. referred to above 
can be used in the practice of th. present invention. In such 
cases, th. resulting u„i„ 0 dal populate, will, in general, not be 
adulation of liposomes, but rather a population having similar 
c aracteristics to those of the original lipid-containing parti- 
cles used. 

la chemg . t . chnl , u . for producliig clw pr , vl 
UP....... « u «»p.«.„ t «. .. lMC on . that ulu m 

ZZZT th r " lt,r " ikotp r "- th - - ii **• ' 
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of liposomes ore relatively easily determined, electing a tech- 
nique which satisfies this requirement Is veil within the skill of 
persons skilled in the art. 

Rather tnan using previously formed liposomes as the starting 
material, if desired, the substantially unimodal population of 
liposomes can be prepared using the solvent free approach, dis- 
cussed above, That is. che population of liposomes can be pre- 
pared directly from a lipid powder or pellet and buffer by simply 
mixing these ingredients together and then directly passing that 
mixture through filters of a selected pore size a sufficient num- 
ber of times to achieve the desired unimodality. 

The filter used to generate the unilamellar liposomes or the 
unimodal distribution of liposomes is preferably of the type which 
has straight through channels. Polycarbonate filters of this type 
produced by Nuclepore. Inc., Pleaaanton, OA, have ba«n found to 
work successfully in the practice of the present invention. In a 
typical procedure, the filter may have to be changed after the 
first two or 5-rae passes of the liposome suspension due to pore 
clogging. Clogging in general depends on such variables as lipid 
composition, purity and concentration, as well an on the pressure 
and flow rates used. 

The most critical paraswtcr m preparing ur, 11.™* liar 
liposomes in accordance with the present Invention is the s [„ 0 f 
the filter's channels. It has been found chat unilamellar 
liposomes cannot b. produced from multilamellar liposomes, no mat- 
ter how many times the MLVs are pn.ai :h r „ ugh the filter, if the 
filter's pore size is significantly above about 100 nm. e.g., if 
the pore siza la about 200 no, (see Example 2. infra). According- 
ly, only filter, having a pore size equal to or below about 100 n» 
can ba used in connection with Chi. aspect of the invention. 

Aa illustrated in Example 6 below, the size of cha 
unilamellar. lipo.o»a. produced depend, on tha pore siza of the 
filter ua.d. the mean diamat.r being, in general, .oa.what smaller 
than th. pora siza. «lf d.eir.d, th. lipo.cWs „..„ d i an .t. r , a . 
wall a. thair trapped volume. *( u l p„ umol pho.pholipid) , can be 
aaaily increased uaing eh. fr.ez.-th.w procedure di.cus.ed above 


WO 86/00238 


PCT/US85/0II6I 


-18- 


10 


15 


20 


25 


30 


33 


(see also E xa a pl. <, LJ ^, lmportaaclyi ,, ince chl3 dute 
doe, not involve th, UM of s< , lvents> ^ ^ 

n.ous ..terlals. th. Increase ,„ llpos0 . e ^ ^ ^ ^ ^ ^ 
pen,, of Introducing contamination a nd aegradatlo „ 
Vesicle sir. and trapped volum „ ca „ also ^ 

lng other parameters of ch. .,,..„. ,«„ M , Upld co „ posltloo 

The „ u .„. r o£ pass „ tllroligh [ht fuur neede(j [o ^ ^ 

desired unUameUar Upoao . M on ^ 
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1 ter having a poce slza „ m ^ ^ ^ . 

— unilamellar lip—... Less passe, mav be needed 

pore u» For example. „,th 30 „,„ and 5 „ m f ^ 

four „,„„ ara „ su(flcl>iit ^ ?roduc> ^ 

unilamellar p.p U l atlon „( XIp0M#M (s „ ExMple . ( in(ra) 

eh. goal Is o„lv to reduce ch. la„eUarit y of thTTopulaclon 
rather than achieve .u.ete.tl.1 unilamellar,, less pas , M J 
e.d.d. The appropriate number 0 f passes for an y particular s ys - 
t can ... a. he determined b y person. ordinary sHll „ the 

1, , 7/ S *° PUn8 ^ «. determine „ h e„ 

-e desired degree of le«.ll. rity „„ b „„ achieved. 

With regard to the unlmodal aspect, of the invention, t „ e 
pore sis. of sn . tllt . c „ th> prInary ^ ■ 

...ter of th. «„.! popu.tlon. m ,.„.„!. „ithl„ eppro,^,- 

th. ! , is approximate!, .,„,! to 

■ H ° U,V • r • P °" SU " > 81 °" ° b °«< '«» 
. .n d,...,., of t„. population tends to lev.! .„ at about 5 „ 

m...»r.d b„ ,u..l-.la 8 tlc light ecatt.rlng. irrespective of t a 

1 is. l .r'l fl ° 1Sh "' UP0S0MS "* ^ " >' -^««lall y 

U 1.T P * P '" 1V * °' UMU * rIV °' «» origin.! popu- 

Utlon ror per. .u.. .b... ,„„ m , TOltllM . llar P 

-in . tua^nar and „„ll a „ U . r llpoaoo .. ^ » 
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.uh.t.ntl.u y unl^d.! population depends o„ C ,. Z^ : 
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characteristics (pore dize, composition and geometry) and the Ma- 
terials from which the. liposomes are to be made. In some case 
three to five passes through double stacked polycarbonate filters 
, are sufficient to produce a unimodal population. As a general 
proposition, 25 passes through double stacked polycarbonate fil- 
ters will produce the desired unimodal distribution for most 
liposome preparations. The appropriate number of passes for any 
particular system can easily be determined by persons of ordinary 
skill in the art by simply sampling the finished liposomes to de- 
termine when substantial unimodaiity has been achieved. 

Passage of the liposomes through the filter to produce the 
unimodal, unilamellar, or both unimodal and unilamellar population 
of liposomes is accomplished under pressure. Pressures of various 
magnitudes can be used depending upen the type and composition of 
the liposomes to be produced, the specific characteristics of the 
equipment employed, and the rate at which liposomes ars to be 
produced. • 

Maximum pressures generally are limited by the pore size of 
the support used to hold the filter. For a filter support having 
a pore size of about 30 microns, pressures between about 100 and 
700 psi have been found to work successfully. These pressures 
produce intact liposomes, give high flow rates (on the order of 
20-60 ml/min for a double stacked polycarbonate filter having a 
pore size of 100 nm). and produce homogenous size distributions, 
25 e.g., 60-100: nm diameter liposomes for a 100 nm filter. With a 
filter support having a pore -ize smaller than 30 microns, higher 
pressures can be used. 

As with the number of passages through the filter, the appro- 
priate pressure for a particular system can be readily determined 
by persons skilled in the art by examining the finished liposomes 
to determine if they are substantially intact and have the desired 
unimodal distribution and/or unilamellarity. 

Pressures in the 100-700 psi range are also preferred because 
they allow for tfie extrusion of solutions having lipid concen- 
trations on the order of abo'ut 300 umols phospholipid per ml with- 
out significant filter clogging. Prior art liposome sizing 
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it has been found convenient Co use two stacked polycarbonate fil- 
ters to form filter 6. 

Pressure is supplied to chamber 2 by means of conduit 20 
which is connected to a source of presc-re, e.g., a high pressure 
nitrogen tank (not shown). Conduit 20 includes valve and regula- 
tor 22 for adjusting the pressure within chamber 2. The material 
extruded from filter 6 is removed from chamber 2 by means of con- 
duit 24 and collected in receiving vessel 26. In practice, valve 
22 is closed prior to the time all of the suspension has been 
extruded , from chamber 2 so as. to prevent high pressure gas from 
flowing through the system and blowing the suspension out of re- 
ceiving vessel 26. After having been collected in vessel 26, the 
extruded material is repeatedly returned to chamber 2 by means of 
injection port 8, until the original population of liposomes has 
passed through filter 6 a sufficient number of times so as to sub- 
stantially increase its unimodality and/or unilaoellarity. 

Figure IB shows a modification of the apparatus of Figure IA 
wherein the recycling of the extrudate is partially automated. 
The apparatus shown in this figure is used as follows. 

First, a filter 6 is installed in the apparatus by removing 
threaded retainer plug 5, filter support housing 9. and 0-ring 16 
from aluminum housing 7. A filter is then placed on the filter 
support and the components reassembled with plug 5 being tightened' 
until 0=ring 16 is compressed against inner plexiglas housing 11 
25 contained within outer aluminum homing 13. If desired, a porous 
drain disc (not show,-,) c-n be placed under the filter. 

A sample is then loaded into receiving chamber 3 by rotating 
load/recycle/discharge valve 15 until load/discharge tube 17 is 
aligned with inlet pore 19. and by rotating pressure/vent valve 23 
until vent port 25 is aligned with exhaust port 21. A sample can 
then be introduced into the receiving chamber through 
load/discharge tube 17. Most conveniently, this is done by at- 
taching a shore length of flexible tubing and a hypodermic syringe 
to load/discharge* tube 17. 

Once the sample has been completely loaded into receiving 
chamber 3, ie is transferred to pressure chamber 2 by depressing 
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transfer valve 27. The sample is now ready for extrusion through 
filter 6, To perform the extrusion, pressure/vent valve 23 is 
rotated until gas inlet port 31 is aligned with pressure port 33, 
and load/recycle/discharge valve 15 is rotated to a position where 
5 recycle port 37. formed in valve 15, is* aligned at one end with 
inlit port 19 and at the other end with bypass port 29, Gas inlet 
port 31 is connected to threaded aperture 15 which serves to con- 
nect the apparatus to a valved and regulated external source of 
high pressure $as, e.g., a valved and regulated high pressure ni- 
10 trogen tank (not shown). 

Preosura is then applied to pressure chamber 2 causing the 
sample to pass from that chamber to receiving chamber 3 by way of 
filter 6, bypa3s port 29, recycle port 37, and inlet port 19. 
This accomplishes one extrusion af the sample through the filter. 
Flow from pressure chamber 2 to tecsiv'ng chamber 3 can be visual- 
ly observed through plexiglas housing 11, and the amount of pres- 
sure applied can be adjusted to achieve a gencie flow. 

Once all of the sample has been transferred to receiving 
chamber 3. the valve on the external source of pressure is closed, 
and pressure/vent valve 23 is rotated to first bring vent port 25 
into alignment with exhaust port 21 and then into alignment with 
pressure port 33, thus venting both receiving chamber 3 and pres- 
sure chamber 2. The sample can now be reintroduced to pressure 
chamber 2 by simply depressing transfer valve 27. With the sample 
in pressure chamber 2, the extrusAcn process is repeated following 
the procedures described above for the first extrusion. Note that 
with the sample in the receiving chamber and with both chambers 
having been vented, a new filter can be installed, if desired, 
following the procedures described above. 

Once the receiving chamber - pressure chamber - receiving 
chamber cycle ha* been repeated the desired number of times, the 
sample is discharged from the apparatus through load/discharge 
tube 17 by first aligning gas inlet port 31 with exhaust port 21 
and load/discharge tube p with inlet port 19, and then applying 
pressure to the system from the external pressure source. In 
practice, the external pressure is shut off before all of the 
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sample has left chamber 3 to avoid high gas. flows at the. end of 
the evacuation. Rather than using load/di3charge tube 17, the 
sample can also be removed by disassembling threaded retainer plug 
5, filter support housing 9, and O-ring 16 from aluminum housing 
5 7, and then depressing transfer valvr 27 to cause the sample to 
flow into the pressure chamber and out the bottom of the appara- 
tus. 

If desired, the apparatus shown in Figure IB, or equivalent 
apparatus, can be equipped with conventional automatic fluid 

10 handling equipment and controls to achieve a completely automated 
process. Also f so as to be able to maintain the temperature of 
the sample above the gel to liquid crystalline transition tempera- 
ture of the lipids used, the pressure chambers of whatever equip- 
ment is employed can be heated using a wa';er Jacket or similar 

15 device. 

Without intending to limit it in any manner , the present in- 
vention will be more fully described by the following examples. 
The materials and methods which are common to the various examples 
presented below are as follows. 
20 Materials and Methods 

Lipids 

Eag phosphatidylcholine (EPC) And soya phosphatidylcholine 
(SPC) were Isolated employing standard procedures (Singleton, et 
al., Journal of the American Oil Chemical Society , 42:53 (1965)). 

25 Corresponding, varieties of phosphatidylethanolamine (PE) and 
phosphatldylserin* (PS) «*rs prepared from EPC and SPC to produce 
EPE , SPE, EPS and SPS (see Comfurius, P. and Zwaal, R. F.A. (1977) 
Blochim. Biophya. Acta , 488:36-42). The lipids from the soya 
source are considerably more unsaturated than those derived from 

30 EPC, due to the high content of linoleic acid in SPC (see Tllcock, 

C.P.S. and Cullis, P.R. (1981) Blochim, Biophya. Acta , 

641:189-201). All lipids were more than 99Z pure as determined by 

TLC. Acidic phospholipids (PS) were converted to the sodium salt 

form as described in Hope) M.J. and Cullis, P.R. (1980) Biochem. 

« 

35 Blophys. Res. Commun. , 92:846-852. Cholesterol (Sigma, St. Louis) 
was used without further purification. 
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Determination of Trapped Volumes 

To determine trapped volumes, multilamellar vesicles were 

prepared in accordance with the procedures described in Example I , 

22 14 

Inf ra, but in the presence of I uCi of Na or C-inulin (NEN, 
5 Canada). Unilamellar liposomes were then prepared from the 
multilamellar liposomes, again following the procedures of Example 
I. 

An cliquot (100 ul) was then loaded onto a Sephadex G-50 col- 
umn packed in a 1 ml disposable syringe, and vesicles eluted by 

10 centrifugation of the column at 500 g for 3 min. See Pick, U. 

22 

(1981) Arch. Biochem. Biophys. . 212:186-194. In the caae of Na 
this was sufficient to remove all the untrapped material. Howev- 
er, to remove all the untrapped inultn this procedure was either 
repeated once more or a single pas j through an Ultragel column 
15 (LKB - ACA34) was employed. Aliquots of t^e eluted material were 
assayed for lipid phosphorus according to the method of Bottcher, 

C.J.F., Van Gent, CM. and Pries, C. (1961) Anal. Chlm. Acta , 

22 

24:203-204; trapped Na was determined employing a Beckman 8000 

14 

gamma counter and trapped C inulln was estimated using a 
20 Phillips PW-4700 liquid scintillation counter. Trapped volumes 
were then calculated aa ul of trapped volume per umol of 

phospholipid. 

31 

P Nuclear Magnetic Resonance 

"**P NMR was employed to provide an indication of the extent 

25 to which the vesicle preparations wer-* unilamellar. Specifically, 
2+ 

Mn was added to the vesicle dispersion (3 ul, 30-60 umol 

phospholipid per ml in a 15 mm diameter NMR tube) at levels (5 mM) 

31 

sufficient to broaden beyond detection the P NMR signal from 

those phospholipids facing the external medium. If the vesicles 

30 are large and unilamellar, then approximately 50Z of the signal 

2+ 

should remain following the addition of Mn . The impermeability 

2+ 

of the vesicles to Mn was demonstrated by following the 
time course f the signal intensity, which for the PC systems in- 
vestigated was found to be stable over a period of days. Spectra 
35 were obtained empl ying a Bruker WP 200 NMR spectrometer perating 
at 81 MHz. Accumulated free induction decays corresponding to 
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1000 transients were collected using a 15 usee 90° radiof requency 
pulse, gated proton decoupling and a 20 KHz sweep width. An ex- 
ponential multiplication corresponding to a 50 Hz linebroadening 
was applied prior to Fourier transformation. Signal intensities 
5 were measured by cutting out and weighing spectra with 
triphenylphosphite (in a small central capillary in the NHR tube) 
as a reference. 

Determination ,of Vesicle Size Distributions 

Vesicle size distributions for Examples 1-7 and part of 

10 Example 8 were determined by f reeze-f racture. Jfesicle prepara- 
tions were mixed with glycerol (25Z by volume) and frozen in a 
freon slush, Sampies were fractured and replicated employing a 
Baizers BAF 400D apparatus , and micrographs of replicas were 
pbcained using a Phillips 400 electron microscope. Ves.icle size 

15 distributions were determined by measuring the diameter of frac- 
tured' vesicles that were 50% shadowed according to the procedure 
of van Venetie ec al. ( (1980) J. Micros. , 113:401-408. 

Vesicle si^* distributions for part of Example 8 and Examples 
9-10 were determined using quasi-elastic light scattering, also 

20 known as dynamic light scattering or photon-correlation 
spectroscopy. 

As known in the art, this technique involve* passing coherent 
light, e.g., light produced by a helium-neon laser, through a sam- 
ple of the suspended vesicles and measuring the time dependent 

25 fluctuations in the intensity of the light scattered by the 
vesicles* A? Autocorrelation function is then calculated from 
this data. As can be shown theoretically , this autocorrelation 
function is directly related to the diffusion coefficients of the 
vesicles in the sample, which in turn are a function of the 

30 hydrodynamic radii of the vesicles. Accordingly, different 
vesicle size distributions will produce different autocorrelation 
functions. 

In practice, unique particle size distributions are n t ob- 
tained directly from 'autocorrelation functions. Rather, a dis- 
35 tributlon is assumed for the vesicles, and a determination is then 
made as t how w*ll the autocorrelation function calculated from 
the measured data fits the autocorrelation function that would be 
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produced if the vesicles in the sample actually had the assumed 
distribution. 

Specifically, if it is assumed that the intensity-weighted 
distribution of the diffusion coefficients of the vesicles is a 
5 unimodal Gaussian distribution, then it can be shown theoretically 
thac a second order polynomial, i.e., a polynomial in powers of t 
up to t 2 , will exactly fit the natural logarithm of the 
autocorrelation function. See D.E. Koppel, Journal of Chemical 
Physics , 57:4814 (1972). Accordingly, the extent to which a sec- 

10 ond order polynomial, i.e., a quadratic, in fact does fit the nat- 
ural logarithm of the autocorrelation function for a particular 
sample is an accurate measure of the extent to which the diffusion 
coefficients of the vesicles in the sample have a unimodal 
Gaussian distribution. As used in the art, this procedure is of- 

15 ten referred to as a cumulants analysis of the autocorrelation 
function; 

As known in the art, it is a straightforward matter to L) 
determine the naturaJ logarithm of an autocorrelation function, 2) 
to fit a second order polynomial to the natural logarithm, and 3) 

20 to determine the goodness of fit of that polynomial to that loga- 
rithm. Accordingly, the Gaussian distribution approach is at pre- 
sent the most practical way to characterize and compare popu- 
lations of vesicles, and thus it is the approach used herein in 
connection with the unimodal aspects of the present invention. 

25 Specifically, in accordance with those aspects, a population 

of liposomes is considered to be substantially "unimodal" when the 
logarithm of its autocorrelation function fits closely to a second 
order polynomial. In the examples presented below, auto- 
correlation functions were obtained using a Nicomp Model 200 Laser 

30 Particle Sizer (Nicomp Instruments, Inc., Santa Barbara^ 
California). This equipment uses the standard method of 
least-squares for curve fitting and reports goodness of fit as a 
chi 2 value derived from the deviations between the logarithm f 
the autocorrelation function aiyl the values predicted by the.9ec- 

35 ond order polynomial. Values of chi 2 in the range of 0-2 indicate 
a good fit f the data by the assumed unimodal Gaussian dis- 
tribution, while high values of chi 2 indicate a por fit. 
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For a good fit, an estimate of the standard deviation of the 
distribution can be derived from the square root of the coeffi- 
cient of the second order term of the polynomial. For dis- 
tributions having a good fit, this estimate is reported in the 
5 examples, while for poor fits,, the estimate is not reported, 
since, although a value can be calculated, such a value does not 
in fact serve as an estimate of the standard deviation. 
Other Chemicals 

Inulin, periodic acid, sodium-m-arsenite, tyramine, G-25 
l0 Sephadex, sodium cyanoborohydride , sodium borohydride, and choles- 
terol were obtained from Sigma. Ultrogel Ac34 was obtained from 
Pharmacia, carrier free Na l25 I (100 mCi/ml) was supplied by 
Amersham and iodogen was obtained from Pierce. All other chemical 
were of analytical grade. 

Example 1 

Preparation of Unilamellar Liposomes 
This example illustrates the preparation of large unilamellar 
liposomes usir.g the extrusion method of the present invention. 
For ease of reference, liposomes prepared in accordance with this 
20 technique are referred to herein by the acronym "LUVETs , " i , e . , 
Large Unilamellar Vesicles by Extrusion Techniques. 

Large ssultilamcllar vesicles (MLVs) were prepared by the con- 
ventional process as follows. First, lipid dissolved in 
chloroform was dried down and deposited as a film on the inside of 
25 a tesc tube. The MLVs were then formed by simply adding an aque- 
ous buffer of 150 mM NaCl, 20 mM HEPES, pH 7.5. co the test tube 
and hydrating the lipid by vortex mixing. 

The resulting MLV dispersion (2-10 ml) was then transferred 
into the pressure chamber of the apparatus shown in Figure IA, 
30 equipped with two stacked standard 25 mm polycarbonate filters 
having a 100 nm pore size (Nuclepore, Inc., Pleasanton, 
California, Catalog #110605). Nitrogen pressure was applied to 
the chamber via a seandard gas cylinder fitted with a high pres- 
sure (0-4000 psi) regulator. The vesicles were extruded through 
35 the filter employing pressures of 100-700 psi resulting in flow 
rates of 20-60 ml/ain, and ware c llected and re-injected. 
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Repetition of Che extrusion procedure five or more cimes resulted 
in the production of large unilamellar liposomes having diameters 
of approximately 70 nm. as measured by freeze fracture. The 
overall extrusion process including recycling generally took 
5 fifteen minutes or less. 

The following examples describe in detail the size, 
unilamellarity, trapped volume, trapping efficiency and influence 
of various lipid compositions on liposomes produced by the forego- 
ing procedure. Also, the effects of a freeze-thaw procedure on 
10 trapped volume and the criticality of filter pore size arc illus- 
trated. 

Example 2 
Criticality of Filter Pore Size 
This example demonstrates the criticality of filter pore size 
15 in producing unilamellar liposomes, and, tr particular, the criti- 
cality of using a filter having a pore size of less than or equal 
to about 100 nm. 

EPC MLVs were prepared in accordance with the procedures de- 
scribed in Example I and then repeatedly passed through 
20 polycarbonate filters having pore sizes of 100 and 200 nm. The 
unilamellarity of the resulting liposomes was determined using the 
3I ? NMR technique described above. The results are shown in 
Figure 2. 

As shown in that figure, for vesicles passed through the 200 
25 nm filter, the signal intensity drop?.- to approximately 65Z after 
five packed through the filter and then remains relatively con- 
stant. For the 100 nm filter, on the other hand, the signal drops 
to approximately 50Z after five or more passes. 

Since a drop in signal intensity to about 50% indicates that 
30 the liposomes are substantially unilamellar, while a drop to only 
65* indicates substantial multilamellarity , these results show 
that the LOO nm filter succeeds in producing unilamellar 
liposomes, as desired, while the 200 nm filter continues to pro- 
duce significant amounts of multilamellar liposomes irrespective 
35 of the number of passes through the filter. 
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This conclusion is confirmed by Che freeze-f racture micro- 
graphs shown in Figure 3.. Aa shown in thac figure, vesicles ^ 
formed from SPC. SPC-SPS (1:1) and SPE-SPS (1:1) (Figures 3(a), ; 
(b) and (c). respectively) using a 100 nm filter, do not exhibit a 
5 significant number of cross-fractures (less than 0.1Z) indicating 
the absence of inner lamellae. In contract, cross-fractures are 
readily observable for SPC vesicles processed through a 200 nm 
filter (Figure 3(d)). 

These results clearly establish that in accordance with the 
10 present invention, unilamellarity depends upon the use of a filter 
having a pore size on the order of 100 nm or below. 

Example 3 

LUVET Diameters. Trapped Volumes and Uni lamellarity 
This example demonstrates that the procedures of the present 
15 invention when used with 100 nm fitters reproducibly result in the 
production of a relatively homogeneous population of LUVs for a 
variety of lipid constituents. Vesicle diameters and trapped vol- 
umes were .Utermined by the methods described above. The results 
are shown in Figure 4 and Table I. infra. 
20 The half-tone columns in Figure 4 show the vesicle diameters 

measured for SPC LUVETa which were prepared by passing MLVs pre- 
pared in accordance with Example 1 through two (stacked) 100 rm 
pore size filters ten times. Table I shows in summary form the 
measured mean diameters and mean trapped volumes for *his and oth- 
25 er lipid compositions. As a control, EPC LUVs were prepared by 
two procedures (octylglucoside detergent dialysis and ravcrsc 
phase evaporation) which are generally accepted to produce 
unilamellar vesicles, and the LUVs so produced were then extruded 
ten times through two (stacked) 100 nm pore size filters. See 
30 Mimas, L.T., Zampighi, G., Nozaki, Y., Tanford, C. and Reynolds. 
J.A. (1981) Biochemistry , 20:833-840 and Szoka, P. and 
Papahadjopoulos, D. (1980) Ann. Rev. Bioeng.. 9:467-508. Tho 
results for these controls are als shown in Table I. (It is of 
interest to note Vith regard to the generality of the present in- 
35 vention that when the octylglucoside procedure was employed to 
make vesicles consisting of EPC/cholester 1 (1:0.25), 
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10 


multilamellar vesicles were formed, whereas with the procedure of 
the present invention and the same lipid constituents, substan- 
tially unilamellar vesicles were formed.) 

The vesicle diameter distribution shown in Figure 4 can be 
uaed to determine calculated values for trapped volumes and amount 
of inner monolayer phospholipid by assuming I) an area per 
phospholipid molecule, e.g., 0.6 nm 2 (see Schieren. H., Rudolph, 
S., Finkelstein, M. , Coleman, P. and Weissman, G. (1978) Biochlm. 
Blophvs. Acta. , 542:137-153); 2) a bilayer thickness, e.g., 4 nm 
(see Blaurock, A.E. (1932) Biochim. Biophys. Acta. . 650:167-207); 
and 3) that the vesicles are unilamellar. These calculated values 
can then be compared with the experimentally observed trapped vol- 
umes and amounts of inner monolayer phospholipid to determine the 
proportion of unilamellar vesicles present. 
15 Following this approach for the vesicle size distribution 

shown in Figure 4 (half tone), it was determined that such a 

vesicle population (if unilamellar) would have an "Inner 

2+ 

monolayer" signal intensity (after the addition of Mn ) of ap- 
proximately 43X of the original Intensity and that the trapped 
volume would be approximately 1.6 ul/umole. This is in reasonable 
agreement with the measured values of sequestered phospholipid 
(48Z) and trapped volume (1.2 t 0.2 ul/unol) in view of the r.ueber 
V of assumptions made, and, in particular, in view of the difficulty 

in estimating Che area' per phospholipid molecule which can greatly 
affece the trapped volume expressed as ul trapped per umole cf 
phospholipid. 

Comparing the calculated trapped volume value of 1.6 ul/umole 
with the experimental data shown in Table I reveals that LUVETs 
composed of SPC and EPC exhibit trapped volumes smaller than those 
expected, while if a charged phospholipid species such as 
phosphatidylserine is present, the theoretical trapped volume is 
achieved. 

Two possible reasons for the low crapped volumes bserved for 
EPC and SPC LUVETs are that there are a significant number of 
multilamellar vesicles present in the p pulation, or that there 
are a greater proportion of small vesicles present than estimated 


20 


25 


30 


35 
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from the free?e-f racture micrographs. The f reeze-f ractura results^ 
suggest that the number of multilamellar vesicles is very .small; 
(less than 2Z) . even if it is assumed that only 57. of fractured 
multilamellar systems exhibit a cross-fracture (see R.G. Miller, 

5 Nature , 287:166 (1980)). On the other hand, an underestimation of 
the number of suuill vesicles is likely. 

Moreover, as shown in Table I. the trapped volumes measured 
for EPC LUVs produced by the octylglucoside detergent dialysis 
procedure and the reverse phase evaporation procedure, which were 

10 subsequently extruded 10 times through a filter with a 100 nm pore 
size, are comparable to the trapped volumes obtained for the EPC 
LUVETs. 

These observations, taken together, demonstrate that the 
great majority of vesicles producid by the extrusion technique of 
15 the present invention are unilamellar * even though the measured 
trapped volume in certain cases is saaUer than the calculated 
value. 

To vitablish* that the procedures of the present invention 
when used with filters having a pore size of 100 nm produce LUVs, 
20 as opposed to SUVs, calorimetric studies were conducted on MLVs 
and LUVETs composed of 16:0/16:0 PC (dipalmitaylphosphatidyl- 

choline — DPPC) . 

SUVs composed of saturated phospholipids, such as, DPPC, are 
known no exhibit a reduction in the gel-liquid crystalline transi- 
25 tion temperature (TJ and a broadening of the transition due to 
their highly curved membranes. This high curvature is generally 
considered undesirable because it results in increased disorder in 
the membrane's hydrocarbon region (see Schuh, J.R. , Banerjee, U. , 
Kuller, L. and Chan, S.I. (1982) Biochim. Biophys. Acta. 

30 687:219-225). 

In order to ascertain whether the LUVETs produced by the pre- 
sent invention are sufficiently large to avoid the problems aris- 
ing from highly curved membranes. T fi values were calorimetrically 
measured for MLVs and LUVETs prepared in accordance with the 

35 procedures of Example I. *The results are shown in Figure 5. 
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As illustrated in this figure, the MLVs and LUVETs exhibit 

very similar values of T , These values are consistent with those 

7 c 
reported in the literature. See Ladbrooke, B.D. and Chapman, - D 1 . : 

(1969) Chem. Phys. Lipids , 3:304-367. They are in direct contrast 
5 to the behavior observed for sonicated OPPC vesicles, which exhib- 
it a broadened gel-liquid crystalline transition which occurs some 
4°C below the melting temperature of the multilamellar systems. 
See van Dijck, P.W.M. , de Kruijff, B. , Aarts, P.A.M.M.. Verkleij, 
A.J. and de Cier, J. (1978) Blochim. Blophys. Acta . 506:183-191. 

10 Accordingly, the unilamellar liposomes prepared by the procedures 
of the present invention using filters with a 100 nm pore size are 
properly classified as LUVs, rather than SUVs. 

To test the structural integrity of the liposomes produced by 
the extrusion process of the present invention, LUVETs were pre- 

15 pared in accordance with the procedures *f Example I, but with a 
buffer having a NaCl concentration of I M, instead of 150 mM. 
After preparation, the liposomes were placed in distilled water 
v creating a large osmotic pressure difference across the liposomes' 

membranes. Using arenazo III as a marker for liposome leakage, 

20 essentially no leakage was found under these severe test con- 
ditions. 

Example 4 

Use of Freeze-Thaw Cycles to Increase Trapped Volume 
This example illustrates the use of a freeze-thaw procedure 
25 to Increase the trapped volumes the unilamellar liposomes 

produced by the present invention. 

SPC and EPC LUVETs prepared in accordance with the procedures 
of Example 1 were subjected to two freeze-thaw cycles (employing 
liquid nitrogen) followed by extrusion through new 100 nm pore 
30 size filters. Specifically, the LUVETs were placed in a plastic 
vial, and the vial placed in liquid nitrogen for approximately I 
minute. The frozen LUVETs were then thawed in water at room tem- 
perature for approximately 5 minutes. The thawed solution was 
extruded 3 times through t^ew 100 nm filters, after which the 
35 freeze-thaw-extrude process was repeated a second tiM. 
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Summary results for Che process are given in Table I. De- 
tails of the size distribution of f reeze-chawed SPC LUVETs is giv- 
en -in Figure 4 (solid columns). 

As shown in Figure 4. the mean diameter of Che SPC LUVETs 
increased by approximately 20 nm. The calculated trapped volume 
for this vesicle distribution is 2.3 ul/umole which is in excel- 
lent agreement with the measured value of 2.2t0.l ul/umol (Table 

I). 

Even higher trapped volumes were achieved using a soya PC 
syatem wherein freeze-thawing of LUVETs prepared by extrusion (10 
times) through the 100 nm pore size filters, followed by extrusion 
(three to four times) through 200 nm pore size filters, resulted 
in trapped volumes on the order of 10 ul/umol phospholipid." 

Example 5 

l5 LUVET Trapping Efficien cy 

An important parameter of LUV preparation* is their crapping 
efficiency. This is especially so when che agents to be trapped 
are either expensive, as is the case for many drugs, or have low 
solubilities. 

In connection with the present invention, it has been found 
that the overall process can be made to have trapping efficiencies 
on the order of 30Z, notwithstanding the relatively low trapped 
volumes of the vesicles produced, by simply increasing the lipid 
concentration of the solutions used to prepare the LUVETs. 

This effect is demonstrated in Figure 6 where the percentage 
of aqueous volume trapped inside the lUVETs is plotted against 
lipid concentration for LUVETs prepared in accordance with the 
procedures of Example I (solid circles) and using the freeze-thaw 
procedure of Example 4 (open circles). 

Preparation of LUVETs at lipid concentrations of 300 
umoles/ml la easily accomplished, giving rise to trapping effi- 
ciencies on the order of 30!! as shown in the figure. It is inter- 
esting to note that the freeze-thaw cycle only gives rise to sig- 
nificant increases it* trapped volume per umol of lipid at lipid 
concentrations below 200 umol/ml. Similar observations have been 
rep rted by Pick, U. (1981) Arch. Bloche a. Biophys.. 212rl86-194. 
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ExampLe 6 

Use of Filters Having Pore Sizes Leas Than 100 nm 
this example illustrates the effects of using filters having 
pore sizes less than 100 nm on the size of the liposomes produced 
5 and on the number of passes through the filter needed co achieve 
substantial unilamellarity. 

MLVs were prepared in accordance with the procedures of Exam- 
ple 1 using egg PC at a concentration of 100 mg/ml and using a 
buffer of 150 taK NaCl and 20 raM Hepes (pH 7.5). The dispersion 
10 was passed ten times through two stacked polycarbonate filters 
having a pore size of either 50 nra or 30 nm using the apparatus of 
Figure 1A. Aliquots were taken after one and after ten passes 
through the extrusion device and used to prepare freeze-fracture 
micrographs as described above.. Samples (4ml, 25 mg phospholipid 
15 per ml) were also taken after various nuabers of passes and an- 
alyzed by 3l P NMR using Mn 2+ as described above. The results are 
shown in Figures 7-9* 

As stiown lu Figure 7, vesicles extruded once through the 50 
nm filters lost 37 percent of their 31 P NMR signal upon addition 
20 of Mn 24 \ while vesicles extruded once through the 30 nm filters 
lost 47.5 percent. This indicates that the vesicles passed 
through the 50 na filters ara larger and/or mov« multilamellar 
than those passed through the 30 nm filter, a result which is con- 
firmed by the freeze-fracture micrographs shown in Figures 8 and 
25 9. Comparing the upper portions of tho;:* figures (Figures 8A and 
9A> reveals that the liposomes which were passed once through the 
50 nn filters are larger and more irregular than those which were 
passed once through the 30 nm filters. 

After ten passes, the 3l P NMR signal intensities dropped by 
30 53 and 56 percent for the 50 nm and 30 nm filters, respectively. 
This indicates that both filters were producing essentially the 
same size liposomes. This was c nfinned by analysis of 
freeze-fracture micrographs which revealed that both populations 
had an average diameter of 44 f 14 nm, i.e. a diameter charac- 
35 teristic of SUVs. As illustrated by Figures 8B and 9B, in each 
case, the population produced was homogeneous. 
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Comparlng the curves of Figure 7 with the curve for the 100 
nm filter in Figure 2 reveals that the 3l P NMR signals tend to 
level off faster for the filters with smaller pore sizes. Accord- 
ingly, less passes through the extrusion apparatus are required to 
5 achieve a population of substantially unilamellar liposomes with 

r.he smaller pore size filters. 

Example 7 

-In V ivo Distribution of Unilamellar Liposomes 
This example illustrates the use of liposomes prepared in 
10 accordance with the present invention to deliver entrapped materi- 
al in vivo . In particular, it illustrates for a rat model system 
the administration and subsequent in vivo distribution of 
l25 I-tyramlnyl-inulin ( 125 ITI) containing LUVETs prepared in ac- 
cordance with Example 1 above. 
15 Tyraminyl-inulin was prepared as. follows. Inulin (l.Og) was 

dissolved in 90.0 ml distilled H 2 0 and cooled to 4°C, 10 ml 
(fresh) 0.1 M periodic acid was added and the solution was in- 
cubated at 4°C for 15 minutes in the dark. Periodate consumption 
was assayed by the arsenite method indicating approximately two 
20 oxidations per inulin molecule (see Dyer, J. in Methods of Bio- 
chemical Analysis , P. Click (Ed.), Vol. 3, p. 111. Tnterscience 
(1956)). The reaction was terminated by neutralization with 
Ba(OH) 2 and the periodate and iodate salts ware removed by 
centrifugation; To the supernatant 4.3 g NaH 2 P0 4 and 0.55 g 
25 tyramina were added and the pH was adjusted to 7.5 with 1.0M HCL. 
Subsequently, NaBH^CN (0.25 g) was added and the solution was 
stirred for 4 hr at room temperature. Remaining aldehyde groups 
were reduced by careful addition of 0.2 g NaBH^ and the solution 
was itirred for another hour at 27°C. Aliquots (25 ml) were 
30 degassed under reduced pressure and applied to a 1.5 x 80 cm 
Sephadex C-25 column previously equilibrated with H 2 0 at 4'C. The 
flow rate was adjusted to 10 ml/hr and 4 ml fractions were col- 
lected. The. fractions were assayed for tyramlne by monitoring the 
absorbance at 279 ns» and for sugar by employing the anthrone re- 
35 agent technique (see Roe, J.H.« (1955) J. Bio. Chea .. 212:335-343) . 
The sugar containing fraction eluted in the void volume and had a 
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constant tyramine : inulin raola ratio oE 0.6. The adduce was com- 
pletely separated from the free tyrnmine and other salts as de- 
termined by ^chromatography on Sephadex C-25. The peak fractLons 
were lycphilizt-d giving an 80* yield! based on inulin. 
5 The tyraminyl-inulin adduct was iodinated ae follows. 2.5 mg 

of the tyraminyl-inulin adduct were dissolved in 0.2 ml HEPES (20 
mM). NaCl (145 roM) pH 7. 4 (HEPES buffered saline; HBS) and placed 
in a L. 5 ml stoppered vial in which 40 ug iodogen had been previ- 
ously deposited from 300 uL CHClj. Then carrier free Ma t (4 

10 raCi, 100 mCi/ral) was addod And the reaction allowed to procede for 
45 min at room temperature. The solution was then transferred to 
a vessel containing 10 ul 0.1 M Ha^Oy 0.05 M KI which was then 
applied to a C-25 column (I x 20 cm) equilibrated with HBS. 
Fractions (0.5 mi) were collected and the l25 I containing 

15 fractions eluting in the void volume (2,5 ml) were pooled. The 
resulting l25 I-tyraminyl-inuiin ( l25 ITI) solution routinely con- 
tained 1 uCi/uL I25 I, where less than 0.01Z was in che free iodide 
form (less uhan 0.01* was CHC1 3 extractabie when made to 1.2% ^ 2 °2^ 
and 0.4Z KI) and over 99% of the material eluted as one peak in 

20 the void volume on re-chromatography employing Sephadex C-25. In 
all studies the material was used within 2 weeks of production. 

Liposomes loaded with l25 ITI were prepared in accordance with 
the procedures described above. Specifically, 30 umol egg 
phosphatidylcholine (EPC) and 30 umol cholesterol were dried down 

25 from CHC1 3 . The resulting lipid film was dispersed in I ml HBS 
containing 1 mCi 125 ITI by vortex mixing. The multilamellar sys- 
tems thus produced were then extruded 10 times through two 
(stacked) polycarbonate Nuclepore filters (100 nm pore size) under 
M 2 pressure (200-400 psi). Aliquots (O.i ml) of the LUVETs were 

30 applied to an Ultrogel Ac34 column (1 ml) previously equilibrated, 

with HBS. The lipid containing fractions were pooled and 

125 

rechromatography indicated that more than 97Z of the ITI was 
"trapped" in the vesicles. The resulting liposome preparation had 
a trap volume of O.^J ul/umol phosph lipid as calculated from lipid 

* 125 * 

35 phosphate analysis and entrapped ITI (see Fisfca, C.H. and 
Subbarrow, Y. (1925) J. Biol. Chem. , 66:375-379). The average 
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radius of these vesLclea wnn 70 nn. The LUVETs containing 

were diluted to 0.5 umol phospholipid In 200 ill of MBS. stored at 

4"C and used within 2 days of preparation. 

The LUVETs were administered to female Wlstar rata 
(150-2008), which were fed ad libitum prior to and during the ex- 
periments, by lightly anesthetizing the animals with ether^and 
then Injecting 200 ul HDS containing approximately 0.5 uCi ITI 
encapsulated in LUVETs (0.5 umol phospholipid) via the tall vein. 
The rats ware allowed to recover in metabolic cages where the 
urine and feces were collected. At various times post Injection 
the rats were anesthetized with ether and sacrificed by 
exsnnguination . via the vena cava. Blood was collected in a 
syringe containing 200 uL 200 mM ED f A and recovery was approxi- 
mately 852 assuming 4.9 ml blood/ 100 g rat. The heart, liver, 
lung, spleen and kidney were removed and the urine remaining in 
the bladder was collected. The carcass «a« then dissolved in 200 
ml 9 M MnOH ac 70'C overnight. Aliquots of carcass digest and 
samples of tissues were then assayed for the presence of * I. 

Figure 10 illustrates the clearance from the circulation of 
the LUVETs and the subsequent appearance of lnulin in the urine. 
As show in that figure, the encapsulated material In the circu- 
lation is initially rapidly reduced to approximately 40% of the 
injected levels, and thereafter decays with a much longer 
half-life (approximately 3 hr) . Further, only 302 of the injsctad 
dose Is eventually found in the urine even after 3 days. This 
latter result clearly Indicates tissue uptake and retention of 

125 

LUVET encapsulated ITI. 

The actual tissue distributions are shown in Figure 11 where 
approximately 50Z of the in vivo 125 ITI Is accumulated by the liv- 
er, approximately 102 by the spleen and the rest is found in the 
carcass. Less than 32 l25 ITI was found In the heart. lungJand 
kidney at any elm* post Injection (data not shown). 

The tissua distributions observed are similar to those prevl- 
usly observed with lip somes produced by other methods (see, for 
example, Abra, R.M. and Huift, C.A. (1981) Btochlm. Blophys. Acta, 
666, 493-503), thus demonstrating that the lip somes of the 
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proaent Invention are equivalent with regard to in vivo behavior 
to prior art liposomes. 

Example 8 

Solvent Free Production of Liposomes 
5 This example illustrates the production of liposomes directly 

from a lipid powder or pellet and buffer without the use of any 
solvents or other extraneous materials. 

One hundred mg of EPC, prepared as described above, was 
spooned into a test tube, 1.0 ml HEPES buffer was added, and the 

10 mixture was incubated at 20°C for 10 minutes. The mixture was 
briefly vortexed mixed for 2 minutes, followed by 5 minutes wait- 
ing time, followed by 2 minutes vortexing, and the resulting so- 
lution added to the pressure chamber of the apparatus of Figure 
IA, which had been fitted with two stacked polycarbonate filters 

15 having a pore size of 100 nm. The solution was extruded through 
the filters ten timea at a temperature of 20 5 C. The pressures 
employed were on the order of 200-300 psi, and the resulting flow 
rates were on t.^e order of approximately 30 ml/min. 

Freeze fracture micrographs of the resulting product were 

20 prepared following the procedures described above. The product 
was found to be - a homogeneous population of substantially 
unilamellar liposomes having a mean diameter of approximately 70 
nm as measured by freeze fracture. If desired, this mean diameter 
can be increased using the freeze-thaw procedures of Example 4 

25 above. 

The procedures described above we -a repeated using 200 na 
filters, instead of 100 nm filters. In this case, pressures on 
the order of 100 psi were used, again resulting in flow rates of 
approximately 30 ml/min. Again, a homogeneous population of 

30 liposomes was produced, but in this case a substantial portion of 
the population waa multilamellar, rather than unilamellar. The 
mean diameter of this population was approximately 168 nm, as 
measured by quasi-elastic light scattering using a Nicomp Model 
200 Laser Particle Size* (Nicomp Instruments, Inc., Santa Barbara, 

35 Calif rnia). 
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Example 9 

Preparation of A Substantially Unimodal Popu lation of Ltposome 3 
This example illustrates the preparation of a population of 
liposomes having a subs" ntially unimodal distribution. 
5 Large multilamellar vesicles (MLVs) were prepared by the con- 

ventional process as follows. First, EPC prepared as described 
above was dissolved in chloroform and dried down and deposited as 
a film on the inside of a test tube. The MLVs were then formed by 
simply adding an aqueous buffer of 150 mM MaCl. 20 mM HEPES, P H 
10 7.5. to the test tube and hydrating the lipid by vortex mixing. 

The resulting MI.V dispersion was then transferred into the 
pressure chamber of the apparatus shown in Figure 1A. equipped 
with two stacked standard 25 mm polycarbonate filters having a 
pore size of 200 nm (Nuclepore, Inc.* Pleasanton, California, Cat- 
15 alog If 110606). The dispersion was extruded through the. filters 
25 times at a temperature of 20°C. The pictures employed were on 
the order of 100 psi, and the resulting flow mtes were on the 
order of 30 ml/min. The sizing procedure was completed in less 
than approximately 15 minutes, and the resulting liposomes were 
20 found to be substantially intact, notwithstanding their many pass- 
es through the filters. 

The size distribution of the population at the end of the 25 
passes was determined " using the quasi-elastic light scattering 
technique described above. The results are shown in Table II, 
25 infra . 

As shown in the cable, the population had a chi a value of 
1.42 indicating that a good fit was achieved by a second order 
polynomial, and thua that the diffusion coefficients of the 
vesicles had a unimodal Gaussian distribution. The mean diameter 
30 calculated for this population is 168 nm, i.e., about I5t smaller 
than the 200 nm pore size used for extrusion, and the standard 
deviation about the mean is a relatively narrow 55 nm. 
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Example 10 

Preparation of Liposomes Using A Sequence of Polycarbo nate Filters 
This example demonstrates the importance . of using filters of 
a constant pore size, as opposed to a sequence of filters of de- 
5 - creasing pore sizes, to obtain a population of liposomes having a 
substantially unimodal size distribution. 

MLVs were prepared as in Example 9, but instead of being 
extruded 25 timas through filters having the same pore size, they 
were extruded once through a series of filters having the follow- 
10 ing pore sizes: 1000 nm, 800 nm, '600 no, 400 nra and 200 nm 
(Nuclepora, Inc., Pleasanton, California, Catalog Nos. 110610, 
110609, 110603, 110607, and 110606). As in Example 9, the appara- 
tus of Figure 1A was used, equipped in thi'i case with just a sin- 
gle filter for each filter size. The pressures, flow rates and 
15 processing temperature were the same as in Excraple 9. 

The size distribution of the liposomes prepared in this man- 
ner, as, determined by quasi-elastic light scattering, is shown in 
Table II. In this case, a huge chi 2 value of 368 was calculated, 
which means that a second order polynomial did not fit the data, 
20 and thus that the diffusion coefficients of the liposomes do not 
have a unimodal Gaussian distribution. 

Comparing this result with the results for Example 9 clearly 
establishes that multiple passes of liposomes through filters of a 
constant pore size surprisingly produce a materially different 
25 size distribution from that produced by passage of the same type 
of liposomes through a series of filters cf decreasing pora size. 

Although specific embodiments of the invention have been de- 
scribed and illustrated, it is to be understood that modifications 
can be made without departing from the invention's spirit and 
30 scope. For example, the invention can be practiced with a variety 
of membrane forming materials and encapsulatable solutes other 
than those illustrated in the examples. Similarly, various types 
of apparatus other than that illustrated herein can be used to 
practice the present inVention. In particular, because each f 
35 its steps is easily controllable, the method of the present 
invention is especially suited for implementation in a totally 
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automated manner, and such Implementation Is specifically included 
within the scope of the invention. Along these same lines, other 
types of equipment can be used to obtain autocorrelation 
functions, end other numerical approaches can be used to determine 
5 if the autocorrelation function is of the type that would be gen- 
erated from a Gaussian distribution. The scope of the invention 
as defined in the appended claims is intended to cover these and 
other variations. 


15 


20 


25 


30 


35 
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TABLE I 


Physical Characteristics of Vesicles Produced by Extrusion of 
Various Lipid Mixtures through Flltors with a Pore Size of 100 nm 


MEAN 
DIAMETER 


MEAN 

TRAPPED VOLUME** 


LIPID 

Z INTENSITY* 

♦S.D. 

(nm) 

♦S.D. 
(ul/umole) 

EPC 

48 

71*24 

1.1*0.1 (64) 

"SPC 

48 

70*23 

1.2*0.2 (13) 

EPC/EPS (2:1) 

46 

73*25 

1.5 (2) 

SPC/SPS (2:1) 

ND 

73*20 

2.4 (2) 

(?np fCTtO 1 \ 
. \jl k+t U • \ *. • * / 

Mrs 

75i3G 

2.0 (2) 

ore 

ND 

ND 

2.3 (2) 

EPS 

ND 

ND 

2.2 (2) 

EPC 

(Freeze-thaw) 

51 

77*16 

2.2*0.5 (17) 

SPC 

(Fraeze-thaw) 

48 

94*26 

2.2*0.1 (12) 

EPC 

(Octylglucosida) 

49 

ND 

1. 2*0.1 (3) 

EPC (REV) 

50 

ND 

1.2 (2) 


31 

* Intensity of P-NMR signal remaining In the presence of 5 mM 
Kn 2+ . 


** ul/um le phospholipid (number of experiments In parenthesis) 
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TABLE II 


Properties of Liposome P opulations ^ 
» „a » y r^al- Elastlc L lpht Scattering 


Constant 
Pore Size 


Decreasing 
Pore Size 


Mean Diameter 
(nm) 


168 


630 


Chi a 


1.42 


368 


Standard 
Deviation 
(nm) 


55 


** 


Lipid 
Concentration 
(rag/ml) 


10 


10 


* The values for mean diameter, chi 2 and standard deviation were 
determined using a Nicomp Model 200 Laser Particle Sizer (Nicomp 
instruments. Inc.. Santa Barbara. CA 93111). The following input 
parameters were used: temperature ~ 20'p; viscosity - 1,002 
centipoise; index of refraction - 1.330; laser wavelength - 
632.8 nm; and sin. of angle/2 - 0.7070. For both sets of mea- 
surements, th* instrument was useu in the delayed baseline mode. 
For the constant pore size measurements (Example 9) . a run time of 
6.33 x 10 6 msec was used, which produced a total count value of 
9.08 x 10*. and a channel width of 20 usee was used, which gave an 
autocorrelation function having 1.98 decays. For th. decreasing 
pore size measurements (Example 10), a run tic. of 6.58 x^lO msec 
was used, which gav. a total count value of 8.01 x 10 , and a 
channel width f 70 usee was used, which gave an autocorrelation 

function having»l. 85 decays. 

• « 

** Not reported in view of chi 2 value (see text). 
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What is claimed la: 

1. A method for reducing the lamellnrity of a population of. 
liposomes comprising repeatedly passing the liposomes under 
pressure through a filter which has a pore size equal to or less 

5 than about 100 nm. 

2. The method of Claim I wherein the population of liposomes 

is passed through the filter more than two times. 

3. The method of Claim 1 wherein the filter has straight 
through channels. 

l0 4. The method of Claim 3 wherein the filter is a 

polycarbonate filter. 

5. A population of liposomes whose lamellarity has been 

■ reduced by the method of Claim 1. 

6. A method for preparing a population of substantially 
15 unilamellar liposomes comprising t'.ie at-ps cf: 

a) preparing multilamellar liposomes; and 

b) repeatedly passing the liposomes under pressure through a 
filter which has a pore size less than or equal to about 100 nm. 

7. The method of Claim 6 wherein the liposomes are passed 
20 through the filter more than two times. 

8. The method of Claim 6 wherein the filter has straight 

through channels. 

9. The method of Claim 8 wherein the filter Is a 

polycarbonate filter. 
25 10. The method of Claim 6 including the additional step of 

subjecting the liposomes to a freeze-thaw cycle to increase their 

trapped volumes. ■■ 

11. A population of substantially unilamellar liposomes 

prepared by the method of Claim 6. 
30 12. A method for preparing liposomes without the use of 

solvents, detergents or other extraneous materials comprising the 
steps of: 

a) preparing a mixture of a lipid powder or pellet and an 

aqueous buffer; and 
35 b) repeatedly passing - the mixture under pressure through a 

filte't. 
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13 . The method of Claim 12 wherein the filter has straightvg 

through channels. 2§ 

14 . The method of Claim_ 13 wherein Che filter is aj| 

polycarbonate filter. § 
5 15. The method of Claim 12 including the additional step of 

subjecting the liposomes to a freeze-thaw cycle to increase their 

trapped volumes. 

16. The method of Claim 12 wherein the filter has a pore 
size less than or equal to about 100 nm. the mixture is passed 

l0 through the filter more than two times, and the resulting 
liposomes are substantially unilamellar. 

17. Liposomes prepared by the method of Claim 12. 

18. A population of liposomes having a substantially 
unimodal distribution about a mean diameter greater than 50 nm. 

, 3 lo. T h e population cf Clai= 13 therein the natural logarithm 

of the autocorrelation function of the time dependent fluctuation* 
in the intensity of light scattered by a sample of the population 
-Turing illumination of the sample with coherent -light can be 
closely fit by a second order polynomial. 

20. A method for increasing the homogeneity of a population 
of liposomes comprising repeatedly passing the liposomes through 
one or a oluralitv of filter*, .11 «#. «M«h have the S a=e ? ore 
size, the number of passes through the filter or filters being 
sufficient to produce a substantially unimodal distribution of the 
25 diameters of the liposomes about a mean value. 


20 


30 


35 
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